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Abstract
Electron back-scattering diffraction was used to track the microstructure evolution of a fully annealed Fe24Mn-3Al-2Si-1Ni-0.06C TWinning Induced Plasticity (TWIP) steel during interrupted reverse (tensioncompression) loading. Direct observation of the same selected area revealed that all deformation twins
formed during forward tension loading (0.128 true strain) were removed upon subsequent reverse
compression loading (0.031 true strain). Consequently, the present study provides the first unambiguous
experimental evidence of de-twinning during the reverse loading of a polycrystalline TWIP steel. The
reverse loading behaviour was simulated by a dislocation-based hardening model embedded in the ViscoPlastic Self-Consistent (VPSC) polycrystal framework taking into account the accumulation and annihilation
of dislocations and back-stress effects. The model has been extended to account for the processes of
twinning and de-twinning, as well as the twin barrier effect under load reversal. A new formulation based
on the changes in the dislocation mean free path is proposed to track twin lamellae generation/annihilation
throughout deformation along with its associated effect on hardening.
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1. Introduction
Twinning-induced plasticity (TWIP) steels containing 25-35 wt.% Mn with small additions of Al and Si
are stable face-centred cubic (fcc) austenitic steels with low stacking fault energy (SFE = 15-40 mJ m–2) [1].
Upon the imposition of external strain, the low SFE promotes deformation accommodation via twinning
along with a combination of perfect and partial slip. Here the dissociation of perfect dislocations gliding on
the {111} plane in the 〈110〉 direction results in two 〈112〉 Shockley partials bounding stacking faults [2].
The equilibrium separation distance between the two partials is inversely proportional to the SFE of the
material. However this separation distance may increase or decrease (as the partials are pulled apart or
pushed together) during deformation, depending on the direction of the applied load and the grain
orientation [3-5]. A deformation twin forms when the dissociated partials diverge from each other to an
infinite separation distance [2].
It is common knowledge that in hexagonal close packed (hcp) materials [6-10], deformation twins
undergo de-twinning when loaded in the reverse direction at room temperature, thereby causing partial or
complete disappearance (or de-twinning) of the twinned region. For example, de-twinning of tensile twins
was reported in Mg [6] and Zr [7] such that twins alternately disappear (or become narrower) and reappear
during subsequent unloading and reloading cycles, respectively. This effect is ascribed to the back stress
that the shear transformation induces in the vicinity of the twin domain [11-16]. For instance, in the case of
tension-compression reverse loading, the twinning-induced back stress during tension adds to the resolved
shear stress component of the applied compression stress upon load reversal, which in turn facilitates the
de-twinning process. .
In contrast to the large body of experimental work on de-twinning in hcp materials, very few studies
have been undertaken on cubic materials. For example, de-twinning was observed during the cyclic loading
of body-centred cubic Ti-V alloys [17] and in nanocrystalline fcc alloys subjected to monotonic loading to
high strains. In the latter case, for electro-deposited nanocrystalline Ni-20Fe with pre-existing growth twins
subjected to room temperature 6 GPa high-pressure torsion, it was found that for 10-45 nm grain sizes, detwinning of existing growth and deformation twins prevailed over the formation of new deformation twins
[18]. Similarly, nanocrystalline Ni-18Fe fabricated by pulsed electro-chemical deposition subjected to 82%
and 77% rolling reductions at room and liquid nitrogen temperatures, respectively, exhibited a reduction
in twin densities [19]. However, the deformation mechanisms that led to de-twinning in nanocrystalline fcc
alloys are significantly different compared to their coarse (micron-sized) counterparts.
In Cu-8.5Al fcc single crystals [20], de-twinning was observed when compression was applied after the
generation of deformation twins during pre-loading in tension. In one of the only studies pointing out the
possibility of de-twinning in coarse grained polycrystalline fcc materials, Doquet [21] detected fragmented
twins after reverse torsion of low SFE Co-33Ni alloy. Following Ref. [17], Doquet argued that the observed
2

twin fragmentation upon load reversal was due to the interaction between dislocations and twins along the
twin-matrix interface which does not allow for the homogenous de-twinning of the entire twin.
Overall, since twinning introduces a large localized shear in the grain, it is always accompanied by the
reaction of the surrounding medium, in the form of a back-shear stress. This back-shear stress has been
documented computationally and experimentally in Refs. [12, 22, 23] and tends to favour de-twinning upon
unloading or load reversal, independently of the specific crystallography of the system. In this regard, while
several models (such as the visco-plastic [24] and elasto-visco-plastic [8, 10, 25] self-consistent models and
the Taylor-Lin elasto-visco-plastic model [26]) have been recently developed and adapted to simulate the
de-twinning process in hcp materials, no modelling effort has been directed towards fcc (or cubic) materials
to date.
To this end, in a recent elasto-plastic self-consistent (EPSC) modelling study, Saleh et al. [27]
highlighted the feasibility of de-twinning during the reverse loading of a Fe-24Mn-3Al-2Si-1Ni-0.06C TWIP
steel subjected to ±1% cyclic (tension-compression) loading. However, to the best of our knowledge, there
is no unambiguous experimental observation of de-twinning in coarse-grained (micron-sized)
polycrystalline fcc alloys to-date
The present study provides first-time evidence of de-twinning during the reverse loading of a
polycrystalline TWIP steel using electron back-scattering diffraction (EBSD). It is also the first study that
interprets the experimental evidence in terms of a dislocation-based hardening model embedded in the
visco-plastic self-consistent (VPSC) framework that accounts for the accumulation and annihilation of
dislocations and back-stress effects. The model has been modified (as detailed in Section 3) in order to
explicitly captures the twinning and de-twinning processes during load reversal.

2. Experimental procedure
A slab-cast TWIP steel (Fe-24Mn-3Al-2Si-0.9Ni-0.05C wt.%) was 52% hot rolled and 42% cold rolled.
A dog-bone shaped tension-compression sample with 4 (gauge length) × 4 (width) × 4 (thickness) 𝑚𝑚3 was
wire-cut from the middle of the cold-rolled strip keeping its gauge length parallel to the rolling direction
(Fig. 1). The dimensions of the gauge length, width and thickness of the dog-bone sample were deliberately
selected to avoid buckling during tension-compression loading. The dog-bone sample was annealed at 850
°C, which included 240 s of heating to a stable temperature followed by 300 s of soaking time and immediate
water quenching.

3

Uniaxial tension-compression was undertaken on a servo-hydraulic universal tester operating in speed
control mode at 0.005 mm/s. The test was interrupted at true strains 1 of 0.128 in tension followed by
reverse loading in compression back to a true strain of 0.031.
EBSD was undertaken on a JEOL-JSM7001F field emission gun-scanning electron microscope fitted
with a Nordlys-II (S) detector and interfacing with the Oxford Instruments AZtec acquisition software;
operating at 15 kV accelerating voltage, ~3 nA probe current and 15 mm working distance. EBSD maps of a
selected area located in the middle of the gauge length were collected at true strains of 0 (initial), 0.128
(after forward tension loading, T) and 0.031 (after reverse compression loading, TC), using a constant step
size of 0.1 µm.
In all maps, a minimum of 3 pixels was used to identify grain structures. Low-angle grain boundaries
(LAGBs, shown in blue) are defined as 2° ≤ θ < 15° misorientations, while high-angle grain boundaries
(HAGBs, shown in black) comprise misorientations with θ ≥ 15°. First and second order twin boundaries
(TBs) are defined as Σ3 = 60°〈111〉 (shown in red) and Σ9 = 38.9°〈110〉 (shown in green). The maximum
tolerance of the misorientation angle (Δθ) from the exact axis-angle relationship was indentified following
the Palumbo-Aust criterion (i.e.- Δθ ≤ 15° Σ−5/6) [28], yielding tolerance limits of 6° for Σ3 and 2.4° for Σ9.

3. Visco-plastic self-consistent modelling
In 2011, Rauch-Gracio-Barlat-Vincze (RGBV) [29] proposed a continuum plasticity model to account
for strain path change effects on the stress-strain response of solids. This model is based on the concept that
some of the dislocations generated during loading in one direction, namely reversible dislocations, can
reverse their glide direction and progressively recombine upon load reversal. In 2013, Kitayama et al. [30]
explicitly accounted for the change in strain path by reformulating the RGBV model for a crystallographic
framework, which allows identification of the shear reversal on each slip system within every grain. The
crystallographic RGBV model was extended by Wen et al. to predict the mechanical response associated
with tension reloading of AZ31 Mg alloy [31] and cyclic shear tests of low-carbon steel [32]. However, these
applications do not involve deformation twinning. The VPSC model used in this study is based on the RGBVVPSC framework [30-32] and modified to account for the processes of twinning and de-twinning, as well as
the twin barrier effect under strain path change. While the inclusion formalism of the VPSC model inherently
captures the effect of intergranular stresses, the empirical back stress equations introduced in the present
work for both slip and twinning account for the intragranular stresses.

Twin lamellae

generation/annihilation is tracked throughout deformation and its effect on hardening is formulated via the
changes in dislocation mean free path. The RGBV-VPSC formulation is detailed in Ref. [32] and only a brief
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description of the hardening at the single crystal level is given is Section 3.1. Thereafter Sections 3.2 and 3.3
detail the new twinning/de-twinning formulation and the twin barrier effect, respectively.

3.1 Introduction to the RGBV model
In TWIP steel, deformation twins present as twin lamellae that bundle together to act as strong
obstacles to dislocation glide via a twin barrier effect. In this work, the hardening of slip due to the sliptwinning interaction is modelled assuming the twin lamellae may: (i) reduce the dislocation mean free path,
which alters the dislocation accumulation rate, and (ii) harden the slip systems directly via the Hall-Petch
effect. Thus, the critical resolved shear stress (CRSS) in a slip system 𝑠 is written as:
𝑠
𝜏𝑐𝑠 = 𝜏0𝑠 + 𝜏𝑑𝑠 + Δ𝜏𝐵𝑠 + 𝜏𝐻𝑃

Eq. (1)

Here, 𝜏0𝑠 represents the hardening contributions from lattice friction and pre-existing dislocations.
𝑠
Following Beyerlein and Tomé [33], 𝜏𝐻𝑃
is the Hall-Petch term which depends on the dislocation mean free

path for a slip system 𝑠:
𝑠
𝜏𝐻𝑃
= 𝜇𝐻𝑃 𝑠 √

𝑏𝑠

Eq. (2)

𝑠
𝑑𝑚𝑓𝑝

where, 𝜇 is the shear modulus and 𝑏 𝑠 is the magnitude of Burger’s vector. 𝐻𝑃 𝑠 refers to the Hall-Petch
𝑠
coefficient describing the slip/barriers interaction strength. 𝑑𝑚𝑓𝑝
is the dislocation mean free path for a slip

system 𝑠 and is a function of the spacing between hard barriers. Here barriers refer to the generated
deformation twins and pre-existing barriers such as grain boundaries and annealing twins. Since all such
features are strong barriers to dislocation glide [34], their interaction strength (𝐻𝑃 𝑠 ) with slip is assumed
𝑠
to be equal. The equation for 𝑑𝑚𝑓𝑝
is detailed in Section 3.3.

𝜏𝑑𝑠 in Eq. (1) describes the hardening contribution of dislocation accumulation/annihilation. It is
calculated through the coupled form of Taylor law [35-38] written as:
′

𝜏𝑑𝑠 = 𝜇𝑏 𝑠 √∑ 𝛼 𝑠𝑠 𝜌 𝑠

′

Eq. (3)

𝑠
′

𝛼 𝑠𝑠 is the effective latent hardening matrix while 𝜌 𝑠 refers to the total dislocation density in a slip
system 𝑠. In the crystallographic RGBV model, the dislocations in each system are split into forest (nonreversible) and reversible dislocations. The latter dislocations recombine when the shear is reversed. In
order to account for directionality, each slip system is divided into 𝑠 + and 𝑠 − , which correspond to the
activation of a slip system in positive and negative directions (defined arbitrarily). Therefore, 𝜌 𝑠 is given as:
𝑠
𝑠+
𝑠−
𝜌 𝑠 = 𝜌𝑓𝑜𝑟
+ 𝜌𝑟𝑒𝑣
+ 𝜌𝑟𝑒𝑣

Eq. (4)
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𝑠
𝑠+
𝑠−
where, 𝜌𝑓𝑜𝑟
is the forest dislocation density. 𝜌𝑟𝑒𝑣
and 𝜌𝑟𝑒𝑣
denote the reversible dislocation densities
𝑠
𝑠+
𝑠−
on 𝑠 + and 𝑠 − , respectively. The evolution laws for 𝜌𝑓𝑜𝑟
, 𝜌𝑟𝑒𝑣
and 𝜌𝑟𝑒𝑣
rely on the Kocks-Mecking formulation
𝑠
𝑠+
[39]. If the slip system shears in the positive direction ( 𝑑𝛾 𝑠+ > 0; 𝑑𝛾 𝑠− = 0), 𝜌𝑓𝑜𝑟
and 𝜌𝑟𝑒𝑣
evolve via

storage and thermally-activated recovery terms:
𝑠
𝑑𝜌𝑓𝑜𝑟
= (1 − 𝑃 𝑠 )

𝑠+
𝑑𝜌𝑟𝑒𝑣

𝑑𝛾 𝑠+
𝑠
− 𝑓𝜌𝑓𝑜𝑟
𝑑Γ
𝑏Λ

𝑑𝛾 𝑠+
𝑠+
= 𝑃
− 𝑓𝜌𝑟𝑒𝑣
𝑑Γ
𝑏Λ
𝑠

Eq. (5)

where, 𝑓 denotes the recovery coefficient. In general, 𝑓 is a function of rate and temperature, but here
it is treated as a constant, since there is no variation of rate or temperature. 𝑑Γ = ∑𝑠|𝑑𝛾 𝑠 | is used in the
recovery term instead of 𝑑𝛾 𝑠+ since the activation of any slip system will, in general, facilitate dislocation
annihilation in system 𝑠. In Eq. (5), Λ denotes the effective dislocation mean free path and is different from
𝑠
𝑑𝑚𝑓𝑝
(Eq. (2)) as it denotes both, the spacing between weak dislocation obstacles and strong obstacles.

Therefore, Λ can be determined from the harmonic mean as follows:
1
1
√𝜌
=
+ 𝑠
𝑠
Λ
𝐾
𝑑𝑚𝑓𝑝

Eq. (6)

where, 𝐾 is the number of dislocation-type obstacles that a moving segment is able to cross before
being trapped. 𝜌 is the total dislocation density in one grain. 𝑃 𝑠 in Eq. (5) denotes the reversibility
parameter controlling the fraction of generated dislocations that are reversible.
In the original version of the RGBV model [30], this parameter decreases monotonically from 1 to 0
with increasing accumulated strain. Recently, Wen et al. [32] modified the formulation, by allowing for the
calculation of 𝑃 𝑠 individually on each slip system, in order to account for dislocation recovery in individual
systems. Doing so helps to saturate the mechanical response under cyclic loading to large accumulated
strains. The evolution law for 𝑃 𝑠 is described empirically by the sigmoidal function:
𝑃 𝑠 (𝐷 𝑠 ) =

1 1
𝜌𝑚𝑎𝑥 + 𝜌𝑚𝑖𝑛 √𝐷 𝑠 − 𝜌𝑖𝑛𝑓𝑙
− tanh [3 (
)(
)]
2 2
𝜌𝑚𝑎𝑥 − 𝜌𝑚𝑖𝑛
𝜌𝑖𝑛𝑓𝑙

Eq. (7)

where, 𝜌𝑚𝑎𝑥 and 𝜌𝑚𝑖𝑛 are characteristic densities and 𝜌𝑖𝑛𝑓𝑙 = (𝜌𝑚𝑎𝑥 + 𝜌𝑚𝑖𝑛 )⁄2 is the inflection point
of the sigmoidal function. √𝐷 𝑠 is a measure of the dislocation density blocking dislocation reversal on a slip
system 𝑠 and is assumed to evolve incrementally as follows:
𝜀

𝐷 𝑠 = ∫ Δ𝐷 𝑠

Eq. (8)

0

where,
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′

′

Δ𝐷 𝑠 = Δ𝜌 𝑠 ∑ 𝜌 𝑠 (1 − |𝑛̅ 𝑠 . 𝑛̅ 𝑠 |)

Eq. (9)

𝑠′
′

′

The factor (1 − |𝑛̅ 𝑠 . 𝑛̅ 𝑠 |) = 1 − cos(𝑛̅ 𝑠 . 𝑛̅ 𝑠 ) describes the slip-slip interaction strength, which
controls the coupling between 𝑠 and 𝑠 ′ in a simple manner without detailing dislocation junctions. While
𝑠
𝑠+
𝑠−
𝜌𝑓𝑜𝑟
and 𝜌𝑟𝑒𝑣
accumulate through the Kocks-Mecking law (Eq.5), the previously generated 𝜌𝑟𝑒𝑣
(if present

non-zero) will be gradually recombined following:
𝑚

𝑠−
𝑑𝜌𝑟𝑒𝑣

𝑠−
1 𝜌𝑟𝑒𝑣
= − ( 𝑠 ) 𝑑𝛾 𝑠+
𝑏Λ 𝜌0

Eq. (10)

In Eq. (10), 𝜌0𝑠 is the total dislocation density in the system at the point of shear reversal. 0 < 𝑚 < 1 was
originally introduced by Wen et al. [31] to achieve a faster recombination rate. In the RGBV model, the
activation of slip in both directions is equivalent. Therefore, the activation of a slip system 𝑠 in the negative
direction (𝑑𝛾 𝑠− > 0; 𝑑𝛾 𝑠+ = 0) results in:
𝑠
𝑑𝜌𝑓𝑜𝑟

= (1 − 𝑃 𝑠 )

𝑑𝛾 𝑠−
𝑠
− 𝑓𝜌𝑓𝑜𝑟
𝑑Γ
𝑏Λ
𝑚

𝑠+
𝑑𝜌𝑟𝑒𝑣

𝑠+
1 𝜌𝑟𝑒𝑣
= − ( 𝑠 ) 𝑑𝛾 𝑠−
𝑏Λ 𝜌0

𝑠−
𝑑𝜌𝑟𝑒𝑣
= 𝑃𝑠

𝑑𝛾 𝑠−
𝑠−
− 𝑓𝜌𝑟𝑒𝑣
𝑑Γ
𝑏Λ

Eq. (11)

Besides the dislocation accumulation/annihilation and the Hall-Petch effect, the hardening evolution
of slip systems is also associated with a back-stress (Δ𝜏𝐵𝑠 in Eq. (1)). In the RGBV model, the back-stress law
is based on the long-range intragranular stress theory. During forward loading, polarised internal stresses
are generated due to the formation of dislocation pile-ups. Upon load reversal, the back- stress assists in the
re-mobilisation of reversible dislocations in the opposite direction with a lower resistance, which in turn,
leads to a drop in the macroscopic yield stress (commonly referred to as the Bauschinger effect). Upon
continued loading in the reverse direction, the dislocations gliding in the reverse direction are progressively
recombined, which favours the relaxation of the residual stresses inherited from forward loading.
Consequently, the back-stress effect reduces gradually and can potentially vanish. The expression for Δ𝜏𝐵𝑠
in the RGBV model is an empirical power law:
𝑠− 𝑞
𝜌𝑟𝑒𝑣
)
𝜌𝑠

if 𝑑𝛾 𝑠+ > 0

𝑠+ 𝑞
𝜌𝑟𝑒𝑣
)
𝜌𝑠

if 𝑑𝛾 𝑠− > 0

Δ𝜏𝐵𝑠 = −𝜏𝑑𝑠 𝑓𝐵𝑠 (
Δ𝜏𝐵𝑠 = −𝜏𝑑𝑠 𝑓𝐵𝑠 (

Eq. (12)

Here the residual back-stress is linked to the reversible dislocation density. According to Eqs. (5) and
𝑠+
𝑠−
(10), 𝜌𝑟𝑒𝑣
or 𝜌𝑟𝑒𝑣
tends to recombine during shear reversal. It follows that the contribution of back-stress

decreases gradually and eventually vanishes at a certain amount of reverse strain.
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3.2 Hardening of twinning systems
In the classic VPSC modelling framework [40, 41], twin systems are treated similar to slip systems in
that their shear rates are also determined by the visco-plastic power law, with an added directionality
condition that prevents the activation of twin systems in the negative direction. In this work, the treatment
remains, with modifications that allow for negative shear during the de-twinning process (refer to Section
3.3 for details).
The hardening of twin systems is still described by the evolution of their threshold stress for activation.
Here we employ the law proposed by Beyerlein and Tomé [33] with an extra back-stress term to account
for the effect of interface separation caused by the formation of twin lamellae:
𝑡
𝜏 𝑡 = 𝜏0𝑡 + 𝜏𝑑𝑡 + 𝜏𝐻𝑃
+ Δ𝜏𝐵𝑡

Eq. (13)

Here, 𝜏0𝑡 is the initial CRSS of a twin system 𝑡 without any contributions from the surrounding
𝑡
dislocation structure ( 𝜏𝑑𝑡 ), the Hall-Petch effect (𝜏𝐻𝑃
) or the back-stress (Δ𝜏𝐵𝑡 ). In Ref. [33], 𝜏𝑑𝑡 is defined as:

𝜏𝑑𝑡 = 𝜇 ∑ 𝐶 𝑡𝑠 𝑏 𝑡 𝑏 𝑠 𝜌 𝑠

Eq. (14)

𝑠

Here, 𝐶 𝑡𝑠 is related to the interaction strength between a slip system 𝑠 and a twin system 𝑡. The Hall𝑡
Petch term (𝜏𝐻𝑃
) is given as:
𝑡
𝜏𝐻𝑃
=
𝑡
𝜏𝐻𝑃
=

𝐻𝑃𝑡
√𝐷
𝐻𝑃𝑡𝑡

if only parallel twin lamellae are present
′

𝑠
√𝑑𝑚𝑓𝑝

if otherwise

Eq. (15)

In contrast to dislocation slip, deformation twins accommodate the strain by creating lamellar domains
associated with lattice reorientation and localised twinning shear. For example, twinning in fcc materials
results in a characteristic twinning shear 𝑆 = 0.707. The surrounding matrix constrains the localised twining
shear and introduces stress reversal in the twinned region [22]. The amount of shear stress reversal
depends on elastic and plastic anisotropy and the orientations of neighbouring grains, as detailed in hcp
materials [11-14]. The stress reversal, defined as the difference between the resolved shear stresses on the
twin plane before and after twin formation, suppresses twin thickening upon further loading and favours
de-twinning upon load reversal. In the VPSC framework, the twinning shear is explicitly accounted for, but
not the twinning back-stress induced by neighbouring grains. Recently, Arul Kumar et al. [42] used a fullfield Fast Fourier Transform model to calculate the twinning back-stress as a function of neighbouring grain
orientations and implemented it statistically in the VPSC framework for tensile twins in hcp materials. The
results evidenced the influence of twinning back-stress correction on twin thickening in the VPSC
framework.
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In contrast to hcp materials, while twin thickening is not an important consideration in the present low
SFE fcc TWIP steel, de-twinning during load reversal is of relevance. Consequently, and similar to Clausen
et al. [43], we account for the twinning back-stress in an ad-hoc manner without directly including
neighbouring grain dependence.
A recent body of experimental and numerical work in hcp materials demonstrates that the twin shear
transformation induces important back-stresses inside the twin domain, in the vicinity of the twin in the
parent grain, and in the neighbouring grains when the twin terminates at grain boundaries [11-16]. Ref.
[36] shows that increasing the number of twin lamellae and/or decreasing their separation tends to
increase the magnitude of the overall back-stress. We expect a qualitatively similar situation to take place
in cubic materials with twins. Based on these observations, we propose a simple empirical estimate for the
twinning back-stress associated with twins in our TWIP steel, as follows:
Δ𝜏𝐵𝑡 = 𝜑𝜇𝑆

𝑁 𝑡 𝑑𝑡
𝐷

Eq. (16)

where the shear modulus 𝜇 = 76 GPa and the characteristic twinning shear 𝑆 = 0.707 as mentioned
above. The role of Eq. 16 is to ‘spread’ 𝑆 proportionally to the twinned fraction of the grain. 𝜑 is a fitting
parameter that quantifies the fraction of the total shear transformation that is accommodated elastically
and will induce back-stress. In our case, the fitting returns a value of 𝜑 = 0.0186. The twinning back-stress
has to be regarded as an effective magnitude evolving with the twin area fraction (𝑑𝑡 ⁄𝐷) and the number
of twins (𝑁 𝑡 ).

3.3 Twinning/de-twinning and the twin barrier effect
As opposed to twin propagation in hcp materials, TWIP steels tend to form new fine twin lamellae with
thicknesses typically ranging from 10 to 30 nm during loading [34, 44]. The newly generated twin lamellae
act as obstacles to plastic flow and enhance the hardening behaviour of the material. In the present model,
𝑠
this twin barrier effect is accounted for through 𝑑𝑚𝑓𝑝
, which is controlled by two factors: (i) the

interspacing between neighbouring twins, and (ii) their geometrical relationship with the slip plane. While
individual twin interspacing tends to be heterogeneous, it is sufficient to use an effective average twin
interspacing during constitutive modelling. If we assume that the number of twins contained in one grain is
𝑁 𝑡 , the parent matrix is equally divided into 𝑁 𝑡 + 1 parts as shown schematically in Fig. 2a. For the
activated twinning systems, 𝑁 𝑡 is allowed to gradually increase during loading and decrease upon shear
reversal; such that it mimics the processes of twinning and de-twinning, where twins appear or disappear
in succession and not simultaneously. The determination of 𝑁 𝑡 relies on the associated twin volume
fraction:
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𝑓𝑡 =

𝛾𝑡
𝑆

Eq. (17)

where, 𝛾 𝑡 is the accumulated shear on a twinning system 𝑡. In applications of the VPSC model [40, 41],
the activation of twinning in the negative direction is prohibited by enforcing the condition that the twin
shear rate 𝛾̇ 𝑡 ≥ 0. Accordingly, in the present work, 𝛾̇ 𝑡 ≥ 0 is enforced for the activation and growth of
twinning in the parent grain. However, since de-twinning corresponds to 𝛾̇ 𝑡 ≥ 0 in the twinned volume and
𝛾̇ 𝑡 < 0 in the parent, in the current application we calculate the resolved shear on the twin plane using the
stress of the parent, and activate de-twinning when 𝛾̇ 𝑡 < 0 in the parent. We stop applying such procedure
once/if all twins have de-twinned and recovered the parent orientation.
The number of twin lamellae 𝑁 𝑡 is associated with 𝑓 𝑡 (𝛾 𝑡 ) and is initially zero. It is assumed that one
twin lamellae will be created when 𝑓 𝑡 reaches the volume fraction of one twin lamellae (𝑑𝑡 ⁄𝐷), where 𝑑𝑡 is
the average twin lamellae thickness. In this manner, 𝑁 𝑡 is allowed to increase during forward loading and
progressively decrease upon shear reversal until it reaches zero. The expression for 𝑁 𝑡 is written as:
𝑓𝑡
𝑁 𝑡 = 𝑖𝑛𝑡 [
]
(𝑑𝑡 ⁄𝐷 )

Eq. (18)

Here, the 𝑖𝑛𝑡[ ] function rounds a number to the lower integer. Once 𝑁 𝑡 is calculated, the twin
interspacing 𝜆𝑡 (see Fig. 2a) is determined as:
𝜆𝑡 =

(𝐷 − 𝑁 𝑡 𝑑𝑡 )
(𝑁𝑡 + 1)

Eq. (19)

The evolution of the average number of twin lamellae per grain and their average interspacing as a
function of the associated twin volume fraction is illustrated in Fig. 2b during forward loading of our
aggregate. The geometrical relationship giving the mean free path for the activated twin systems (Fig. 2a)
is given by:
𝑠,𝑡
𝑑𝑚𝑓𝑝
=

𝜆𝑡

Eq. (20)

sin 𝛼

̅ 𝑠. 𝒏
̅ 𝑡 |) is the angle between the slip and twinning planes. 𝒏
̅ 𝑠 and 𝒏
̅ 𝑡 are the
where, 𝛼 = arccos(|𝒏
normal vectors for the slip and twinning planes, respectively. Note that the activation of more than one
𝑠
twinning system is allowed here. In this case, the effective mean free path 𝑑𝑚𝑓𝑝
for a slip system 𝑠 is
𝑠,𝑡
determined as the harmonic mean of 𝑑𝑚𝑓𝑝
for all systems that formed twin lamellae:

1
𝑠
𝑑𝑚𝑓𝑝

=

1
𝑠,𝑡1
𝑑𝑚𝑓𝑝

+

1
𝑠,𝑡2
𝑑𝑚𝑓𝑝

+⋯

Eq. (21)

𝑠,𝑡
Note that only twin systems with 𝑑𝑚𝑓𝑝
< 𝐷 are affected by this approach. When there are no twin
𝑠,𝑡
lamellae present or the slip system is parallel to the twin plane 𝑑𝑚𝑓𝑝
= 𝐷.
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3.4 VPSC simulation inputs
Since the VPSC model only simulates plastic deformation and does not account for elasticity, it is not
possible to fit the initial elastic loading regime or the elastic unloading upon load reversal. The hardening
parameters were adjusted until optimal correspondence with the plastic regime of the experimental stressstrain curve was achieved. The parameters utilised in the present simulation are listed in Tables 1 and 2.
The texture input for the simulations comprised 5000 discrete orientations calculated from the initial
orientation distribution function obtained via X-ray diffraction. The deformation systems introduced into
the VPSC model comprised the {111}〈110〉 slip systems and the {111}〈112〉 twinning systems. While the
VPSC model allows for various grain-matrix interaction (homogenisation) schemes, the so-called 𝑛𝑒𝑓𝑓 = 10
intermediate interaction scheme (intermediate between the Taylor and Sachs bounds) was used for the
present simulations.

4. Results and discussion
4.1 Experimental observations
Fig. 3 shows the experimental true stress vs. strain curve during forward tension loading (T) up to a
true strain of 0.128 followed by reverse compression loading (TC) back to a true strain of 0.031. Here, TC
corresponds to a total accumulated true strain of 0.225.
Fig. 4a shows the initial fully recrystallised microstructure, which is characterised by equiaxed grains
of average grain size 5.8 ± 4.5 µm (without considering twin boundaries) and a high fraction of annealing
twin boundaries (~50% of the total grain boundary area fraction). Fig. 4b shows the same area after
forward tension loading (T) to 0.128 true strain. As indicated by the yellow ovals in Fig. 4b, deformation
twins were found in the form of single lines or parallel packets and they evolve preferentially in grains with
orientations close to 〈111〉 and 〈110〉 parallel to the tensile axis (see inset inverse pole figure in Fig. 4b).
These deformation twins originate mostly from the grain boundaries or from annealing twin boundaries,
while in a few instances they were observed to start and finish within a grain. Furthermore, some in-grain
striations were also observed (refer to the white arrows in Fig. 4b). As mentioned before, previous studies
have pointed out that the thickness of individual deformation twins is of the order of tens of nanometres
such that they cannot be crystallographically detected via EBSD due to spatial resolution limitations [45].
When deformation-twinning activity increases such that the twins stack into relatively thick bundles, they
can eventually be detected by EBSD. Alternatively, other studies have raised the possibility that some of
these in-gran striations observed in band contrast maps could be stacking faults [46].
Subsequent reverse compression loading (TC) back to a true strain of 0.031 led to the removal of all
deformation twins (as clearly seen by comparing the yellow ovals in Figs. 4b and 4c) along with the
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formation of in-grain striations (refer to the white arrows in Fig. 4c). The former observation provides
unambiguous firsthand evidence of de-twinning during load reversal in TWIP steel.
Fig. 5 comprises representative inverse pole figure maps of grains 1, 2 and 3 marked in Fig. 4b after
forward tension (Figs. 5a, 5d and 5g) and reverse compression loading (Figs. 5b, 5e and 5h). As described
in the caption of Fig. 5, the orientations of grains 1, 2 and 3 are near the 〈111〉, between 〈100〉 and 〈111〉
and near 〈110〉 parallel to the tensile axis, respectively. The misorientation profiles along the white dashed
lines show clear evidence of twinning and de-twinning after forward tension and reverse compression
loading in all three grains (Figs. 5c, 5f and 5i). A further observation in grain 1 is that the annealing twin
highlighted in Fig. 5a does not undergo de-twinning; likely due to the absence of a twinning-induced backstress acting on it.
The observation of de-twinning of deformation twins upon load reversal has been well documented in
hcp materials [8, 9, 47], where the slip and twinning systems are highly restricted due to the limited number
of slip planes. This restriction in slip planes leads to the twinning system activated in the forward direction
to be most likely to de-twin on reverse loading, due to the reverse glide of partials bounding the twin rather
than activating new slip or twinning systems.
With respect to fcc materials, Szczerba et al. [20] observed de-twinning of deformation twins in Cu8.5Al single crystal subjected to compression after generating deformation twins during pre-loading in
tension. Using transmission electron microscopy, Szczerba et al. [20] showed that the partial dislocations
bounding a deformation twin glide back and forth during loading and unloading. Upon reaching a local
critical stress, the twin partials were able to glide in the reverse direction; resulting in a reconfiguration of
the twinned region to match the parent grain and thereby, effectively removing the deformation twin. This
mechanism was described as the reverse of twin formation.
De-twinning of deformation twins was possible within the Cu-8.5Al fcc single crystal [20] due to a
restriction imposed by existing deformation twins on the number of operable slip planes. Therein, it was
shown that the deformation twins restricted the transfer of shear perpendicular to the twin-matrix
interface and limited the shear transfer in the parallel direction. The critical shear stress for dislocation
propagation across the deformation twin was more than twice that required to activate slip parallel to the
twin/matrix interface. This restricted glide is analogous to the restricted number of slip systems in hcp
materials. Consequently, during reverse loading, only one twin system was activated. This restriction
resulted in partial dislocations bounding the deformation twin to reverse direction, instead of activating
another twin system [20], and led to de-twinning.
With respect to coarse grained polycrystalline fcc materials, a phase field modelling study [48]
simulated the evolution of deformation twinning during loading and unloading for micron sized grains. The
model showed that partials bounding a deformation twin could glide in the reverse direction upon
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unloading, allowing for the reorientation of deformation twins to match the parent grain. Similar to the
above single crystal experimental study [20], the phase field simulations verified the possibility of the
reverse glide of the partial dislocations bounding the deformation twin in polycrystalline structures.

4.2 VPSC model predictions
The simulated stress-strain curve is compared with its experimental counterpart in Fig. 3. It is noted
that since the VPSC model does not account for elasticity, the elastic part was removed from the
experimental stress-strain data in order to compare directly with the simulated curve. In general, the stressstrain curve is slightly over-predicted with increasing strain during forward tensile loading. The absence of
elasticity from the model expectedly leads to the observed mismatch between experiment and simulation
during unloading. Thereafter, the stress-strain curve is slightly under-predicted during the initial stages of
reverse compression loading such that good agreement between experiment and simulation is obtained
with greater reverse loading.
The relative slip, twinning and de-twinning activities as a function of the accumulated true strain are
shown in Fig. 6a. During forward tensile loading, the VPSC model returns higher slip activity compared to
twinning such that a monotonic decline in twinning is noted with increasing tensile strain. During the initial
stages of reverse compression loading, deformation is accommodated solely via slip due to the strong backstress accumulated during forward loading facilitating slip during reverse loading. Here, since the
previously activated slip systems experience a back-stress, they are easier to activate upon load reversal.
The subsequent decline in relative slip activity is associated with the concurrent increase in detwinning. In this case, the back-stress associated with previously activated twin systems leads to their
opposite systems becoming softer, which in turn, facilitates de-twinning rather than activating new
twinning systems. With further reverse compression loading, the observed gradual decrease in de-twinning
activity is due to the elimination of twins that formed during forward tension loading.
It is also noted in Fig. 6a that twinning activity during reverse compression loading is lower than during
forward tensile loading. This observation is in agreement with Schmid factor considerations wherein not
all twinning systems activated during tension are activated during compression [49] as they are not
favourably oriented. Furthermore, although VPSC predicts twinning activity during reverse loading,
twinning was not observed in Fig. 4c. As mentioned previously, this disparity may be ascribed to the
thickness of individual deformation twins being of the order of tens of nanometres such that they were not
yet stacked into relatively thicker bundles detectable by EBSD.
As shown in Fig. 6b, less than ∼2% twin volume fraction is predicted at the end of forward tensile
loading. This is in agreement with the limited twinning volume fraction typically reported for low SFE
13

materials in general and TWIP steel in particular [45, 50-52]. The above limited twin volume fraction is also
close to our visco-plastic self-consistent model prediction of ∼4.5% (at 0.128 true strain) following the
simulation of the monotonic tensile loading of the same TWIP steel using the predominant twin
reorientation scheme [45]. In this regard, the predominant twin reorientation scheme used in Ref. [45]
tends to overestimate the twin volume fraction as it reorients the whole grain, when in reality, only the
twinned part should be considered. As per the explanation for Fig. 6a, reverse compression loading results
in a gradual decrease in the twin volume fraction due to de-twinning followed by a subsequent increase
towards the end of reverse compression loading.
Fig. 6c shows the individual contributions of twinning (dashed green line) and de-twinning (dotted red
line) to the change in twin volume fraction with the effective (solid black line) being the difference between
the two mechanisms. During forward tensile loading, the effective and twinning lines obviously match each
other. Alternatively, during reverse compression loading, when de-twinning is dominant, the effective and
de-twinning lines closely follow each other. With the gradual elimination of the twins created during
forward loading, a concomitant decline in de-twinning activity, the effective line gradually approaches the
twinning line as twinning is activated again towards the end of reverse compression loading.

5. Conclusions
EBSD mapping of the same selected area provided the first direct experimental evidence of detwinning during interrupted reverse (tension-compression) loading of TWIP steel in particular, and low
SFE coarse grained polycrystalline fcc materials in general. This de-twinning process upon load reversal can
be ascribed to the possibility of the reverse glide of the partial dislocations bounding the deformation twin,
which in turn leads to the reorientation of the twin to match the parent grain.
The reverse loading behaviour was successfully simulated by the RGBV-VPSC model supporting our
formulation of the twinning back-stress and the twin barrier effect proposed to track the processes of
twinning and de-twinning (twin lamellae generation/annihilation) during load reversal.
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Figure 1. Dimensions (in mm) of the dog-bone sample used for forward tension - reverse compression
loading. The gauge length is parallel to the rolling direction.

(a)

Scale: 2:1

(b)

Figure 2. (a) Schematic of the twin-matrix microstructure showing the characteristic lengths used in
the VPSC model. (b) Evolution of the number of twin lamellae and their interspacing as a function of the
associated twin volume fraction during forward loading.
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Figure 3. The experimental and VPSC simulated true stress vs. true plastic strain during forward
tension (T) – reverse compression (TC) loading.
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(a)

(b)

(c)
Figure 4. Band contrast maps at true strains of (a) 0, initial, (b) 0.128, after forward tension loading
(T) and (c) 0.031, after reverse compression loading (TC). LAGBs = blue, HAGB = black, Σ3
(60°〈111〉) = red and Σ9 (38.9°〈110〉) = green. The yellow ellipses indicate regions where twinning
and de-twinning were observed. The loading direction is horizontal.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 5. Representative inverse pole figure maps of grains 1, 2 and 3 marked in Fig.
4b after (a, d, g) forward tension and (b, e, h) reverse compression loading. (c, f, i)
Misorientation profiles along the white dashed lines evidence twinning and detwinning after forward tension (T) and reverse compression (TC) loading. Grain 1 =
̅ 1〉 which is near 〈111〉, grain 2 = (011)〈511̅〉 which is between 〈100〉 and
(134)〈12
〈111〉 and grain 3 = (127)〈12̅1〉 which is near 〈110〉. LAGBs = blue, HAGB = black and
Σ3 (60°〈111〉) = red. The loading direction is horizontal.
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(a)

(b)

(c)
Figure 6. VPSC model predictions of the (a) relative slip, twinning and de-twinning activities, (b)
volume fraction of twins and (c) change in the twin volume fraction due to twinning and de-twinning
activities.
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Tables
Table 1. The parameters used in the RGBV-VPSC model for the present TWIP steel.
Parameter

Value

𝜏0 (Initial CRSS)

50 MPa (slip) and 40 MPa (twinning)

𝑏 𝛼 (Burgers vector)

2.5×10-10 m (slip) and 1.5×10-10 m (twinning)

𝐷 (Grain size)

5 μm

𝑓 (Recombination parameter)

1.0

𝜇 (Shear modulus)

76 GPa

𝐾 (Mobile to storage parameter)

400

q (Back-stress power parameter)

5

𝑓𝐵𝑠 (Back-stress parameter)

0.9

𝑚 (Recombination rate parameter)

0.3

𝜌𝑚𝑖𝑛 (Lower reversibility threshold)

1012 m-2

𝜌𝑚𝑎𝑥 (Upper reversibility threshold)

7×1014 m-2

𝑆 (Characteristic twinning shear)

0.707

′

𝛼 𝑠𝑠 (Dislocation interaction matrix)

0.25

𝐶𝛽𝛼 (Twin-slip interactions)

150

𝜑 (Twin back-stress scaling parameter)

0.0186

𝑠
Table 2. 𝑑𝑚𝑓𝑝
related parameters.

Parameter

Value

𝐻𝑃 𝑠

0.158

𝐻𝑃 𝑠𝑡

0.158

𝐻𝑃𝑡

0.4 MPa m1/2

𝐻𝑃𝑡𝑡
𝑑𝑡

′

0.6 MPa m1/2
20 nm
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